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A fundamental understanding of the intermolecular forces that bind polysaccharide chains together
in cellulose is crucial for designing efficient methods to overcome the recalcitrance of lignocellu-
losic biomass to hydrolysis. Because the characteristic time and length scales for the degradation of
cellulose by enzymatic hydrolysis or chemical pretreatment span orders of magnitude, it is impor-
tant to closely integrate the molecular models used at each scale so that, ultimately, one may switch
seamlessly between quantum, atomistic, and coarse-grained descriptions of the system. As a step
towards that goal, four multiscale coarse-grained models for polysaccharide chains in a cellulose-
Iα microfiber are considered. Using the force matching method, effective coarse-grained forces are
derived from all-atom trajectories. Performance of the coarse-grained models is evaluated by compar-
ing the intrachain radial distribution functions with those obtained using the all-atom reference data.
The all-atom simulation reveals a double peak in the radial distribution function for sites within each
glucose residue that arises from the distinct conformations sampled by the primary alcohol group in
the glucose residues. The three-site and four-site coarse-grained models have sufficient degrees of
freedom to predict this double peak while the one-site and two-site models do not. This is the first
time that coarse-grained models have been shown to reproduce such subtle, yet important, molecu-
lar features in a polysaccharide chain. The relative orientations between glucose residues along the
polysaccharide chain are evaluated and it is found that the four-site coarse-grained model is best
at reproducing the glucose-glucose conformations observed in the all-atom simulation. The success
of the four-site coarse-grained model underscores the importance of decoupling the pyranose ring
from the oxygen atom in the glycosidic bond when developing all-atom to coarse-grained mapping
schemes for polysaccharides. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4808025]
I. INTRODUCTION
Cellulose, composed of linear polysaccharide chains with
glucose repeat units connected by 1,4 beta glycosidic bonds,
is a primary component in plant biomass.1 Crystalline cellu-
lose microfibers, present in the core of plant cell walls, resist
degradation by natural enzymatic hydrolysis processes.2 To
overcome this recalcitrance, costly physical or chemical pre-
treatment steps are used to obtain high yields of fermentable
sugars from biomass in the biofuel refining process.3–5 There
is a great need for fundamental, molecular-based (micro-
scopic) models that can accurately predict crystalline and
amorphous cellulose structures and describe the forces that
bind polysaccharide chains together in a microfiber so that
efficient routes to deconstruct cellulosic biomass can be ratio-
nally designed.4
Enzymatic hydrolysis of cellulose is a complex
problem.2, 6 The length and time scales of interest span orders
of magnitude, from reaction mechanisms (10−10 m; 10−12 s)
to phase transitions in crystalline cellulose (10−8 m; 10−6 s)
to cellulosome interactions with plant cell walls (10−6 m;
a)S. Markutsya and A. Devarajan contributed equally to this work.
b)Author to whom correspondence should be addressed. Electronic mail:
mhlamm@iastate.edu.
10−3 s).7 Because no single computational method can ad-
dress all of the relevant spatial and temporal scales, much re-
cent effort in this field has been devoted to bridging molec-
ular models and methods derived from quantum, atom, and,
coarse-grained (CG) descriptions. For example, the develop-
ment of a robust, coarse-grained molecular model for polysac-
charide chains in a microfiber is viewed as an important step
toward the goal of using multiscale simulation to study the
enzymatic hydrolysis of cellulosic biomass.8, 9
Most biomass contains two forms of crystalline cellulose,
cellulose-Iα (triclinic unit cell) and cellulose-Iβ (monoclinic
unit cell).10, 11 The relative distribution of each crystal struc-
ture in a given sample depends on the biomass source, with
cellulose-Iα being predominant in algal and bacterial biomass
and cellulose-Iβ being predominant in higher-order plant
biomass.12 Cellulose-Iα is known to convert to cellulose-Iβ
and these two structures comprise a model system for study-
ing solid-state cellulose phase transformations.12, 13 Hence,
the capability to model both crystalline phases at the molec-
ular level will help advance fundamental knowledge of cel-
lulose stability and structure. The intent of this paper is to
systematically derive coarse-grained models for polysaccha-
ride chains and examine their suitability for future use in
a multiscale simulation scheme in which the all-atom and
0021-9606/2013/138(21)/214108/10/$30.00 © 2013 AIP Publishing LLC138, 214108-1
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Thu, 15 Jan 2015 17:29:04
214108-2 Markutsya et al. J. Chem. Phys. 138, 214108 (2013)
coarse-grained descriptions of polysaccharide chains in cel-
lulose are modeled concurrently.14, 15 A starting structure of
polysaccharide chains in cellulose-Iα is chosen to comple-
ment the recent developments in coarse-grained models for
polysaccharides in cellulose-Iβ.8, 16, 17
Several investigators have developed coarse-grained
models for glucose in aqueous solution9, 18–20 since glucose
is the fundamental building block in a polysaccharide chain.
Molinero and Goddard18 introduced the first coarse-grained
model for α-D-glucose and used a mapping scheme of three
coarse-grained sites for glucose and one coarse-grained site
for water. The non-bonded and bonded parameters for this
coarse-grained model were fit to two-body Morse potentials
and harmonic potentials, respectively. The use of the Morse
potential allowed for a relatively simple implementation of
the coarse-grained model in the molecular dynamics code;
however, there is no clear evidence to suggest that this an-
alytical potential best describes the non-bonded interactions
between coarse-grained sites of glucose. Despite this uncer-
tainty about the functional form of the Molinero and Goddard
model, the mapping scheme itself is chemically sensible and
it has been adopted for use in subsequent coarse-grained
modeling studies on glucose.9, 19, 20 In these later studies, the
force matching method21–23 has been used to parameterize
the coarse-grained potentials for the three-site glucose
model because this technique systematically optimizes
coarse-grained forces from all-atom simulation trajectories
without fitting them to a predetermined analytical function.
In addition to glucose, the force matching approach has
been used to obtain coarse-grained force fields for aqueous
solutions of cellobiose,9 cellotetraose,9 and a polysaccharide
containing 14 glucose units.19 These studies on glucose
and polysaccharides have shown good agreement in the
radial distribution functions obtained from the coarse-grained
models and the reference all-atom simulations. This evidence
for the accuracy of the coarse-grained models with respect
to the all-atom simulations is very promising for future
developments aimed at deriving coarse-grained models for
crystalline cellulose structures based on force matching.
A few studies have developed coarse-grained models for
crystalline cellulose using alternative coarse-graining meth-
ods to force matching. Bu et al.16 derived a coarse-grained
model, for the surface of cellulose-Iβ, where the non-bonded
and bonded parameters were fit to 6–12 Lennard-Jones po-
tentials and harmonic potentials, respectively. The coarse-
grained mapping follows the Molinero and Goddard scheme.
Distinct rescaling factors were applied to the non-bonded
interactions to introduce directionality, an attribute neces-
sary for the coarse-grained model to produce a stable crys-
talline structure. Wohlert and Berglund17 reparameterized
the non-bonded interactions in the MARTINI force field for
carbohydrates24 and added extra cellulose-cellulose interac-
tions to generate a stable, coarse-grained model for an or-
dered cellulose-Iβ microfibril in water. The MARTINI model
uses three sites per glucose residue with a coarse-grained
mapping scheme that necessarily follows MARTINI mapping
conventions rather than the Molinero and Goddard scheme.
This includes a coarse-grained site for water that is equiva-
lent to four water molecules. The models that were used in
Refs. 16 and 17 required constraints to maintain stable or-
dered structures. A constraint-free coarse-grained model for
crystalline and amorphous cellulose fibrils in aqueous solu-
tion was developed by Srinivas et al.8 In this model, each
glucose residue was defined by a single coarse-grained site.
Two sets of parameters were derived so that chains in alter-
nating planes (termed origin and center) could be treated dis-
tinctly. The non-bonded and bonded interactions for this one-
site model were parameterized using an iterative Boltzmann
inversion approach.25 Although the model in Ref. 8 is efficient
and reliable for the large-scale, long-time simulations that are
required to model phase transitions in cellulose, the mapping
scheme of one coarse-grained site per glucose residue makes
restoring the all-atom degrees of freedom very difficult. For
example, specific details about the conformation of individ-
ual glucose residues in polysaccharide chains, and the relative
orientation of glucose residues along polysaccharide chains
and between polysaccharide chains in a microfiber are miss-
ing, yet this information is important for modeling the forces
that bind cellulose together and result in its recalcitrance to
hydrolysis. A five-site, coarse-grained model for glucose was
introduced by Bellesia and co-workers and used to predict the
structural phase transition between cellulose-Iβ and cellulose-
IIII.26 The non-bonded interactions were modeled with 6–12
Lennard-Jones potentials and the bonded interactions were
modeled with harmonic potentials. The parameters for this
model were assigned by comparisons with crystallographic
data. This model was used in molecular dynamics simulations
of an infinite crystal in vacuo; hence, no additional constraints
were applied to maintain crystallinity. The simulations using
this model provide physical insight about the transition from
cellulose-Iβ to cellulose-IIII, specifically that any successful
chemical pretreatment must disrupt the intersheet spacing in
cellulose crystals.
In this paper, four coarse-grained models for polysaccha-
ride chains are evaluated. The force matching method is used
to derive the coarse-grained force fields for both bonded and
non-bonded interactions, and no additional constraints are ap-
plied. To our knowledge, this is the first systematic compar-
ison of coarse-grained mapping schemes for polysaccharide
chains in cellulose. The remainder of the paper is organized as
follows. Section II describes the force matching method used
to derive the coarse-grained models for polysaccharides and
gives the details of how the all-atom and coarse-grained simu-
lations were performed. In Sec. III, the simulation results are
presented and discussed. A brief summary and conclusions
are given in Sec. IV.
II. METHODS
A. Multiscale coarse-graining by force-matching
There are several strategies available for deriving and pa-
rameterizing coarse-grained models for complex biomolec-
ular systems; these strategies have been categorized accord-
ing to how quantitatively they are coupled to atomistic scale
properties.14, 15 One method that has been shown to bridge
between the atomistic and the coarse-grained scales with
high quantitative accuracy is the multiscale coarse-graining
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method23, 27, 28 based on force-matching.21, 22 This technique
and the resulting coarse-grained potentials are termed “mul-
tiscale” due to the fact that the atomistic degrees of free-
dom directly inform the effective coarse-grained forces. This
quantitative coupling between scales is a prerequisite for the
eventual development of a concurrent multiscale molecular
simulation scheme. For these reasons, the multiscale coarse-
graining method (called force matching for the remainder of
the paper) was used to obtain the coarse-grained force fields
for polysaccharides in cellulose that are evaluated here.
A detailed description of the force matching method can
be found elsewhere.23, 27, 28 Briefly, for a given configuration
from the reference all-atom molecular dynamics simulation,
the positions of N coarse-grained sites and the net forces Frefi
acting on them are computed. Recognizing that the net force
on a particular coarse-grained site i is due to the sum over
all the effective forces between pairs of coarse-grained sites
leads to the construction of an objective function
N∑
j=1
f ij (r i , rj , p1, p2, . . . , pm) = Frefi , i = 1, 2, 3, . . . , N,
where f ij (r i , rj , p1, p2, . . . , pm) is the force on the ith
coarse-grained site due to the jth coarse-grained site, and r i
and rj are the position vectors for the ith and jth coarse-
grained site, respectively. The analytical function for f ij is
not known a priori so cubic splines are chosen to systemat-
ically write the pairwise force as a linear function of m un-
known parameters (p1, p2, . . . , pm). Hence, a system of N lin-
ear equations with m unknowns is obtained. This system of
equations is over-determined (N > m) and can be solved using
the singular value decomposition method.29 The parameters
obtained from each all-atom configuration are averaged over
the total number of configurations sampled from the reference
all-atom trajectory. Both non-bonded and bonded interactions
are derived directly from force matching. The tabulated forces
for the coarse-grained models considered here are given in the
supplementary material.45
B. Multiscale coarse-grained models for
polysaccharides
Four coarse-grained mapping schemes for polysaccha-
ride chains composed of β-D-glucopyranose repeat units
connected by 1,4 beta glycosidic bonds were evaluated. For
simplicity, the β-D-glucopyranose repeat units will be called
glucose residues for the remainder of this paper. Figure 1
shows the four mapping schemes, and the atom labeling
scheme for the glucose residue is shown in Figure 2. From
left to right, the columns illustrate the all-atom structure of
a single glucose residue in a polysaccharide chain (end units
not shown), the number of coarse-grained sites in the glucose
residue, and the coarse-grained structure of polysaccharide
chains in a crystalline cellulose-Iα structure.
The one-site CG model, in which each glucose residue
(circled) is defined by a single coarse-grained bead (A1)
placed at the center of mass of the atoms in the residue, is
shown in Figure 1(a). This model is similar to the model
used by Srinivas et al.,8 however, there are differences be-
tween the one-site model used previously and the one-site
model presented here. In Ref. 8, the coarse-grained site defi-
nition includes the oxygen in the 1,4 glycosidic bond attached
to the fourth carbon (C4) of each glucose residue, while the
model in Figure 1(a) has this oxygen bonded to the first car-
bon (C1). Figure 2 shows the positions of C1 and C4 on the
glucose residue. Another difference is that Ref. 8 uses two dis-
tinct parameter sets for the coarse-grained sites, depending on
whether the polysaccharide chain is an origin or center chain
in the microfiber. The model in Figure 1(a) assigns unique pa-
rameters to each coarse-grained site along the polysaccharide
chain, but makes no distinction based on chain positions in
the crystalline structure.
Figure 1(b) shows the two-site CG model. The first site
is defined by a bead (A2) placed at the center of mass of the
atoms in the glucose residue (excluding the oxygen atoms in
the glycosidic bonds); the second site is defined by a bead
placed at the position of the glycosidic oxygen (B2). This
coarse-grained mapping scheme allows for independent ro-
tation of the pyranose rings about the glycosidic bond.
The three-site CG model shown in Figure 1(c) is con-
sistent with previous three-site models for glucose9, 18–20 and
polysaccharides.9, 19 In this model, each glucose residue is de-
fined by three beads (A3, B3, C3), placed at the center of mass
of the corresponding group of atoms. The glycosidic oxygen
atom is included in site A3. In the four-site CG model shown
in Figure 1(d), each glucose residue is defined with four beads
where A4, B4, and C4 are placed at the center of mass of the
corresponding atoms and D4 is placed at the position of the
glycosidic oxygen. This model is similar to the three-site CG
model except that the A4 bead no longer contains the glyco-
sidic oxygen; this scheme again allows for independent rota-
tion of the pyranose rings as in the two-site CG model.
C. Molecular dynamics simulations
The all-atom molecular dynamics simulation was run us-
ing GROMACS.30 The polysaccharides were modeled with the
CHARMM3631 force field with a cutoff distance of 1.6 nm for
long-range van der Waals interactions. The electrostatic inter-
actions were calculated using the reaction field method32 in
which the electrostatic force is calculated explicitly for a sep-
aration smaller than the cutoff radius. The cutoff radius for
electrostatic interactions was 1.2 nm. For a separation out-
side the cutoff radius, the system is treated as a dielectric con-
tinuum. The “Reaction-field-zero” option, which sets the po-
tential to zero beyond the electrostatic cutoff radius and uses
an infinite dielectric constant, was used to ensure good en-
ergy conservation.30 This approach gives better performance
on massively parallelized computers while delivering accu-
rate results when compared with the particle mesh Ewald
method.33
An initial configuration for the cellulose-Iα microfiber
was based on the unit cell structure data reported by
Nishiyama et al.10 A structure containing 12 polysaccharide
chains, each having a length of 12 glucose residues, was
built with an in-house script. Twelve is the minimum num-
ber of chains that form a supercell with a structure that has
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FIG. 1. Coarse-grained mapping schemes for the glucose residues in a polysaccharide chain. The columns show the progression from the all-atom structure
of a glucose residue in a polysacharride chain (left), to the coarse-grained model of a glucose residue (center), to the coarse-grained representation of 12
polysaccharide chains in a cellulose-Iα microfiber (right). The rows show: (a) 1-site CG model (A1); (b) 2-site CG model (A2B2); (c) 3-site CG model
(B3C3A3); and (d) 4-site CG model (B4C4A4D4). The lines drawn around the atoms in the first column are shown to guide the eye and are not meant to imply
the shape of the coarse-grained sites.
both inner and outer chains. Although this structure has fewer
polysaccharide chains than most other simulation studies of
microfibers reported in the literature,8, 16, 34–37 there are no
significant differences in the structural properties of interest
FIG. 2. The atom labeling scheme for the glucose residue.
when compared to a larger, 36-chain structure. (See Sec. IV
in the supplementary material.45) The chain length considered
here (12 residues) is necessarily much shorter than the degree
of polymerization typically found in cellulose fibers (102–
104 residues)36 because all-atom simulations at the longer
chain length would be prohibitively expensive. Furthermore, a
smaller chain length makes it feasible to evaluate the multiple
coarse-graining schemes; the insight gained from this evalua-
tion will be used in future coarse-grained molecular dynamics
computations on larger cellulose fiber structures.
The crystalline structure was simulated in vacuo with pe-
riodic boundary conditions. The in vacuo condition is suf-
ficient for examining interactions between glucose residues.
There is good agreement between this structure simulated in
vacuo and simulated while embedded in a 36-chain structure
(See Sec. IV in the supplementary material45), which indi-
cates that no artifacts were introduced to the glucose-glucose
interactions. Clearly, the presence of water at the surface of
a cellulose microfiber will affect the surface structure of the
polysaccharide chains; this will be addressed in future work.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
129.186.176.40 On: Thu, 15 Jan 2015 17:29:04
214108-5 Markutsya et al. J. Chem. Phys. 138, 214108 (2013)
After energy minimization, the microfiber had the dimensions
7.1 nm × 2.1 nm × 2.3 nm and it was placed in a simulation
box with dimensions 10.4 nm × 9.1 nm × 8.9 nm. The termi-
nal polysaccharide chains were capped to treat them as chains
of finite length. The system was equilibrated with NVT simu-
lation at 300 K for 8 ns.45 After equilibration, an NVT produc-
tion simulation was run at 300 K for 12 ns. A Nosé-Hoover
thermostat was used to control temperature.38 The time step in
the all-atom molecular dynamics simulations was 0.5 fs. Con-
figurations containing positions, velocities, and forces were
collected every 1 ps, for a total of 12 000 configurations.
The coarse-grained molecular dynamics simulations
were run using LAMMPS.39, 40 For these simulations, the ini-
tial topology, the dimensions of the microfiber, the thermo-
stat, the time step, and the total simulation time were identical
to those used in the all-atom molecular dynamics simulation.
The LAMMPS code was modified to use tabulated forces for
bond length, bond angle, dihedral, and non-bonded interac-
tions. In the multiscale coarse-grained models, the bonded in-
teractions can occur between beads within the glucose residue
(for two-, three-, and four-site CG models) and between beads
on neighboring glucose residues in the same chain. The dis-
tances of separation between beads on neighboring glucose
residues in the same chain are large enough that the non-
bonded forces between them are effectively zero. For com-
putational efficiency these non-bonded interactions between
neighboring glucose residues in the same chain are prevented
by setting the forces between these sites to zero.
III. RESULTS AND DISCUSSION
This section describes the results from molecular dynam-
ics simulations of polysaccharide chains using the multiscale
coarse-grained models discussed in Sec. II. The primary eval-
uation of the CG models is conducted by comparing radial
distribution functions obtained from the CG and all-atom sim-
ulations, as this is a direct test of the accuracy of the CG model
with respect to the all-atom MD system. Complete agree-
ment in radial distribution functions is not guaranteed by force
matching, as it would be in a structure matching8 approach
where the radial distribution function of the CG system is fit
to the all-atom radial distribution function.
The intrachain radial distribution functions from the
molecular dynamics simulation using the one-, two-, three-,
and four-site CG models are compared with molecular dy-
namics simulation results obtained using an all-atom model.
For the three-site and four-site CG models, this is followed by
an analysis of the glucose residue conformations and the rel-
ative orientation between neighboring glucose residues. This
paper aims to evaluate how well coarse-grained models repro-
duce polysaccharide chain conformations. Due to the minimal
supercell size used (12 chains), no interchain radial distribu-
tions are computed; increasing the supercell size to study in-
terchain properties is the topic of future work.
To make direct comparisons between the coarse-grained
models and the all-atom model, the configurations from the
all-atom molecular dynamics simulation are first reduced by
the appropriate coarse-grained mapping scheme before cal-
culating the distribution function of interest. All of the sim-
ulations presented here are for polysaccharide chains of fi-
nite length (12 glucose residues), which means that the termi-
nal glucose residues were capped. To avoid chain-end effects,
these 24 terminal glucose residues have been excluded from
the distribution function analyses.
A. Evaluation of the one-site and two-site
coarse-grained models
The one-site and two-site CG models shown in Figures
1(a) and 1(b) are minimal models for simulating the structure
and dynamics of polysaccharide chains in cellulose. These
models are useful for studying phenomena, such as structural
phase transitions in cellulose,8 that require tracking chain-
scale structure and motion for long simulation times (>1 μs).
Figures 3 and 4 show results from molecular dynamics
simulations of the polysaccharide chains and compare the
one-site and two-site CG models, respectively, with the all-
atom reference model. In these figures and for the remain-
der of the paper, single and double prime notation is used to
distinguish between pairs from neighboring glucose residues
(e.g., A1A1′) and from non-neighboring glucose residues
(e.g., A1A1′′), respectively. Figure 3 shows the intrachain ra-
dial distribution function, g(r), for the one-site CG model. The
peak positions at 5.5 Å, 10.5 Å, and 15.5 Å in the intrachain
g(r) are consistent with those obtained from the reference all-
atom data. The first peak at 5.5 Å agrees well with the neigh-
boring residue bond distance of 5.3 Å reported by Srinivas
et al.8 for a similarly defined one-site CG model derived from
all-atom trajectories by Boltzmann inversion.
The two-site CG model is considered to be a mini-
mal model that allows the pyranose rings to rotate indepen-
dently about the glycosidic bond in the polysaccharide chain.
Figure 4 shows intrachain radial distribution functions for the
two-site CG model. In Figure 4(a), the intrachain distribu-
tions for A2A2′ and A2A2′′ from the coarse-grained model
are broader (hence, the peak heights are lower since the area
under each distribution must be the same) and the peak po-
sitions slightly overestimate those obtained from the refer-
ence all-atom data. Figure 4(b) shows that the intrachain
FIG. 3. Intrachain radial distribution function g(r) for the one-site CG model
of polysaccharide chains in cellulose-Iα. The coarse-grained sites are defined
as shown in Fig. 1(a). See text for explanation of single and double prime
notation. For comparison, the intrachain radial distribution function taken di-
rectly from the all-atom molecular dynamics simulation is shown.
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FIG. 4. Intrachain radial distribution function for the two-site CG model of cellulose-Iα. (a) A2A2 ′ and A2A2 ′′, (b) B2B2 ′. The coarse-grained sites are defined
as shown in Fig. 1(b). See text for explanation of single and double prime notation. For comparison, the intrachain radial distribution functions taken directly
from the all-atom molecular dynamics simulation are shown.
distribution for the B2B2′ distance is consistent with the all-
atom reference model, as one would expect, since this is
the distance between oxygen atoms in consecutive glycosidic
bonds and, hence, no degrees of freedom are removed from
this site in the coarse-grained model.
B. Evaluation of the three-site and four-site
coarse-grained models
The three-site and four-site CG models shown in
Figures 1(c) and 1(d) are minimal models that permit the
investigation of conformational changes within the glucose
residue and the structure and dynamics of the polysaccha-
ride chains in cellulose. These models have an advantage over
the one-site and two-site models, in that mapping all-atom de-
tails to coarse-grained configurations should be more reliable.
Figure 5 shows the intraresidue radial distribution func-
tions for the three-site (Fig. 5(a)) and four-site (Fig. 5(b)) CG
models. As stated above, direct comparisons between radial
distributions from the coarse-grained and the all-atom sim-
ulations are made by first reducing the configurations from
the all-atom molecular dynamics simulation to the appropri-
ate coarse-grained scheme before calculating the reference
all-atom radial distribution functions. The radial distribution
functions for the A3B3 (A4B4) and A3C3 (A4C4) pairs agree
with those obtained with the all-atom reference model. The
radial distribution function for B3C3 (B4C4) displays two
peaks that are positioned at the same distances of separa-
tion, 3.3 Å and 3.7 Å, as the all-atom reference model, but
the peak intensities differ. The conformations contributing to
the double B3C3 (B4C4) peak arise due to the distinct con-
formations adopted by the primary alcohol in the glucose
residue. There are four possible primary alcohol conforma-
tions: gauche-trans (GT), trans-gauche (TG), gauche-gauche
(GG), and trans-trans (TT), where the first letter corresponds
to the relative O6−O5 orientation and the second letter cor-
responds to the relative O6−C4 orientation (see Figure 2 for
atom numbering system). In this context, a G is assigned to
FIG. 5. Intraresidue radial distribution functions for the three-site and four-site CG models of cellulose-Iα. (a) A3B3 (dotted blue line); A3C3 (dashed green
line); B3C3 (dashed-dotted blue line). (b) A4B4 (dotted blue line); A4C4 (dashed green line); B4C4 (dashed-dotted blue line). The coarse-grained sites are
defined as shown in Figs. 1(c) and 1(d). For comparison, the intraresidue radial distribution functions taken directly from the all-atom molecular dynamics
simulation are shown (solid red line) for each pair of coarse-grained sites.
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FIG. 6. Intrachain radial distribution function for coarse-grained sites in neighboring glucose residues for the three-site and four-site CG models of cellulose-Iα.
(a) A3A3 ′ (dotted blue line), B3-B3 ′ (dashed green line); (b) A4A4 ′ (dotted blue line), B4-B4 ′ (dashed green line); (c) C3-C3 ′ (solid blue line); and (d) C4-C4 ′
(solid blue line). The coarse-grained sites are defined as shown in Figs. 1(c) and 1(d). For comparison, the intrachain radial distribution functions taken directly
from the all-atom molecular dynamics simulation are shown (solid red line) for each pair of coarse-grained sites.
angles with absolute values less than 90◦; a T assigned to an-
gles with absolute values greater than or equal to 90◦. Upon
analyzing the all-atom primary alcohol conformations cor-
responding to the double peak for B3C3 (B4C4), it is seen
that the first peak has contributions from the GG (67%), TG
(29%), and TT (4%) conformations, while the second peak
is due to only GT conformations. This is the first time that
coarse-grained models for glucose residues have been shown
to predict the occurrence of distinct primary alcohol confor-
mations along a polysaccharide chain.
FIG. 7. Distribution of the angles φ, ψ for the three-site and four-site CG models of cellulose-Iα. (a) Three-site CG model (blue squares) and (b) four-site CG
model (blue squares). For comparison, the distribution of angles computed using the all-atom model is also shown (red squares). The black dashed lines are
drawn as boundaries around the all-atom data to assist the identification of unphysical angles predicted by the coarse-grained models.
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FIG. 8. Intrachain radial distribution functions after removing the unphysical conformations. (a) C3C3 ′ and (b) C4C4 ′. For comparison, the intrachain radial
distribution functions from the reference all-atom molecular dynamics simulation are shown (solid red line) for each pair of coarse-grained sites.
Figure 6 shows the intrachain radial distribution func-
tions for the three-site and four-site CG models for neigh-
boring glucose residues along the polysaccharide chain. The
peak positions for A3-A3′ slightly underestimate the all-atom
data, while the peak positions for A4-A4′ slightly overesti-
mate the all-atom data. The peak positions for B3-B3′ (B4-
B4′) agree with the all-atom reference model. The distribu-
tions for C3-C3′ (C4-C4′) are significantly different from the
all-atom reference model. Figure 6(c) shows that the three-
site CG model predicts an additional peak at 2 Å in addi-
tion to the main peak located at 6.8 Å. Figure 6(d) shows
that the four-site CG model correctly predicts the peak po-
sition at 6.5 Å but the distribution has a broad shoulder from
3 Å to 5.5 Å that is not observed with the all-atom reference
model. Clearly, the neighboring coarse-grained sites C3 (C4)
and C3′ (C4′) are permitted to interact at closer distances than
predicted by the reference all-atom data. This suggests that
there may be unphysical conformations between neighboring
glucose residues in the coarse-grained models, and that these
unphysical conformations are more prevalent in the three-site
CG model.
To test for unphysical conformations, the relative ori-
entation between glucose residues is defined by two angles.
The angle φ (shown in the inset in Figure 7) determines the
glucose-glucose conformation and is defined as the angle be-
tween n1, a normal vector to the plane A3-B3-C3 (A4-B4-
C4), and n2, a normal vector to the plane A3′-B3′-C3′ (A4′-
B4′-C4′). The angle ψ is defined as the angle formed by
A3B3′C3′ (A4B4′C4′).44 Figure 7 shows the φ, ψ distribution
for the three-site and four-site CG models compared to the all-
atom reference data. Based on the all-atom data, values of |φ|
< 100◦ are deemed unphysical conformations; these con-
formations appear between the black dashed lines drawn in
Figure 7. The percentage of unphysical conformations identi-
fied for the three-site CG model (24.9%) is greater than that
identified for the four-site CG model (16.7%).
Based on this analysis, all unphysical conformations (|φ|
< 100◦) were removed from the data set and the radial dis-
tribution function for coarse-grained C3C3′ (C4C4′) sites was
recalculated. Figure 8 shows the intrachain radial distribution
functions with the unphysical conformations removed. The
peak positions predicted by the three and four-site CG mod-
els are now in better agreement with the all-atom reference
model. The four-site model, which allows for independent
rotation of pyranose rings around the glycosidic bonds that
connect glucose residues, is best at reproducing the glucose-
glucose conformations observed with the reference all-atom
model.
IV. CONCLUSIONS
In this work, multiscale coarse-grained models for
polysaccharides were derived using the force matching
method. Four different coarse-grained mapping schemes
(one-, two-, three-, and four-site) for glucose residues in
polysaccharide chains were investigated. The performance
of the coarse-grained models was evaluated by comparing
the intraresidue and intrachain properties of polysaccharides
predicted by coarse-grained molecular dynamics simulations
with those predicted by a reference all-atom simulation.
The one-site and two-site CG models are best suited to
modeling chain-scale properties at microsecond time scales,
such as the transition from crystalline to amorphous struc-
ture in a cellulose microfiber. As expected, the one-site CG
model for glucose residues leads to intrachain radial distri-
bution functions that are in excellent agreement with those
predicted by the all-atom reference simulation. The two-site
CG model, which is defined to allow the pyranose rings to
rotate independently, also performs well. Based on the distri-
bution functions presented here there is no obvious reason to
choose the two-site CG model over the one-site CG model.
However, future studies of the structural phase transitions in
cellulose with the two-site CG model may be warranted since
the independent rotation of the pyranose rings may have a sig-
nificant impact on interchain and intersheet interactions in the
crystalline cellulose structure. Indeed, results from ab initio
studies41, 42 show that the orientation of the hydroxyl groups,
as well as the relative residue conformations, has a significant
effect on the hydrogen bonding in intrachain, interchain and
intersheet interactions. For example, GT-TG interactions are
the strongest interchain interactions on a per hydrogen bond
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basis and the large percent of these types of interactions will
certainly affect the phase transitions.
The three-site and four-site CG models have sufficient
degrees of freedom to model conformational changes in the
glucose residues along the polysaccharide chains. In general,
both the three-site and the four-site CG models can reproduce
the intrachain radial distributions from the all-atom model.
In particular, these models adequately sample the unique pri-
mary alcohol conformations that are observed in the all-atom
trajectory. To the best of our knowledge this is the first time
that coarse-grained models have been shown to predict glu-
cose residue conformations in a cellulose microfiber. Further
analysis of the three-site and four-site CG models shows that
the four-site CG model samples fewer unphysical relative ori-
entations between glucose residues. Thus, it appears that a
coarse-grained mapping scheme that decouples the rotation
of neighboring pyranose rings about the glycosidic bond in
polysaccharide chains, such as the four-site CG model pre-
sented here, is essential for reliably modeling chain confor-
mation without introducing constraints.
A long-term goal is to develop multiscale potentials
for cellulose so that one may switch seamlessly from
coarse-grained to all-atom descriptions of a system during a
simulation. Based on the results presented here, the outlook
is promising for developing multiscale models of crystalline
cellulose microfibers. It is envisioned that coarse-grained
molecular dynamics simulations, using models similar to the
four-site CG model described here, can be used to sample
a cellulose microfiber structure over large time and length
scales with enough fidelity that all-atom configurations
can be reliably reverse-mapped and used for subsequent
computations of local reaction mechanisms. Given that
any coarse-grained model can only perform as well as the
reference (input) all-atom trajectory, future research will
involve studying the behavior of cellulose in solvated envi-
ronments using coarse-grained models derived from quantum
mechanical fragmentation approaches43 as an alternative to
all-atom potentials based on classical molecular mechanics.
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